ABSTRACT: The cooperation of metal oxide subunits in complex mixed metal oxide catalysts for selective oxidation of alkanes still needs deeper understanding to allow for a rational tuning of catalyst performance. Herein we analyze the interaction between vanadium and molybdenum oxide species in a monolayer supported on mesoporous silica SBA-15. Catalysts with variable Mo/V ratio between 10 and 1 were studied in the oxidation of propane and characterized by FTIR, Raman, and EPR spectroscopies, temperature-pro- 
■ INTRODUCTION
Transition metal oxide-based catalysts containing molybdenum and vanadium have been intensively investigated in the activation of short-chain alkanes and their oxidative dehydrogenation or selective oxidation. 1−4 Generally, it has been assumed that vanadium is the element that is responsible for C−H activation and that dominates catalytic activity of Vcontaining mixed metal oxides. 2, 4 One prominent example of a highly active and selective catalyst in ethane oxidative dehydrogenation to ethylene, propane selective oxidation to acrylic acid, and ammoxidation to acrylonitril is the Mo−V− Te−Nb oxide composed of the so-called M1 structure. 5, 6 The surface of crystalline mixed Mo−V−(Te−Nb) oxide catalysts under reaction conditions of propane oxidation to acrylic acid is enriched in V 5+ , whereas molybdenum is present in the oxidation state 6+. 7−9 The presence of surface oxide species other than vanadia may, however, affect the reaction pathways of alkanes and reaction intermediates. 10 MoO 3 itself activates alkanes as well, 11−15 albeit at lower reaction rates. 16 Addition of promoters increases the activity of molybdenum oxide based catalysts. 17 The impact of the interaction between supported molybdenum and vanadium oxide species on reaction rates in alkane oxidation has been studied before. 15,18−23 However, in most of the investigations oxide carriers such as titania, alumina, or zirconia have been used that exhibit strong interaction with the supported phase including the formation of mixed bulk phases. 24 In contrast, the interaction of supported metal oxide species with silica is comparatively weak. Therefore, meso-structured SiO 2 (SBA-15) was selected as a carrier in the present study. The mutual interaction of supported vanadium and molybdenum oxide species in a joint monolayer was investigated. A series of nearmonolayer catalysts that contain Mo and V in a variable ratio between 10 and 1 was synthesized. Catalytic performance and spectroscopic characteristics indicate the stabilization of singlesite vanadyl species within the monolayer of isolated molybdenum dioxo moieties on the surface of the mixed metal oxide catalysts. Dilution with Mo prevents the formation of V− O−V bonds present in the pure silica-supported vanadia catalyst. The properties of diluted silica-supported vanadia catalysts are largely governed by the redox properties of isolated vanadium oxide species. Implications of single-site formation on activity and selectivity in propane oxidation will be discussed.
■ EXPERIMENTAL SECTION
Catalyst Preparation. Mesoporous silica SBA-15 was prepared according to a procedure published previously. 25 In detail, 40 g of the triblock copolymer EO 20 PO 70 EO 20 (EO = ethylene glycol, PO = propylene glycol, BASF Pluronic P123, Sigma-Aldrich) were added to 1350 mL 1.6 M HCl (SigmaAldrich) under stirring (250 rpm) at room temperature for 3 h until a homogeneous mixture was obtained. After that, 88 mL tetraethyl orthosilicate (TEOS) (Sigma-Aldrich, > 99%) were dropped into the system while the stirring at 308 K was maintained for 20 h. The gel was aged under stirring at 358 K for 24 h. The product was filtered and washed with distilled water for several times until the pH value of the washing solution reached 6.5, dried at 383 K for 16 h, and finally calcined under static air at 823 K for 12 h applying a heating rate of 1 K/min resulting in mesoporous silica SBA-15 in a batch size of 21.5 g (internal ID 22886).
Molybdenum and vanadium oxide species were supported on the single batch of mesoporous silica SBA-15 in two different consecutive steps. At first, a series of silica-supported molybdenum oxide catalysts was prepared by employing an anion-exchange procedure, 26 which requires the functionalization of the silica surface with propylammonium chloride.
For functionalization, 10 g SBA-15 and 26 g (3-aminopropyl) trimethoxysilane (ATPMS) (Sigma-Aldrich, > 97%) were suspended in 400 mL toluene (Sigma-Aldrich). The mixture was stirred at 338 K for 12 h. After that, the product was filtered and washed 5 times with 100 mL toluene and then dried at room temperature in static air for 16 h. The dried powder was then suspended in 600 mL 0.3 M HCl and stirred at room temperature for another 12 h. Finally the functionalized SBA-15 was filtered and washed 5 times with 100 mL water and dried at 353 K in static air.
For synthesis of the supported molybdenum oxide catalysts, typically 2.5 g of functionalized SBA-15 and an appropriate amount of ammonium heptamolybdate tetrahydrate (AHM) (Sigma-Aldrich, >99.9%) were suspended in 60 mL H 2 O and stirred at room temperature for 12 h. The sample was filtered and washed with H 2 O once and then dried at 373 K. Finally the sample was calcined at 823 K for 8 h (1 K/min) in static air. The four catalysts 4Mo, 6Mo, 8Mo, and 10Mo (internal ID 22950, 22958, 22962, 22975, respectively) were denoted as mMo; m represents the nominal Mo loading (wt %) calculated according to the amount of added AHM.
The silica-supported Mo−V oxide catalysts were synthesized starting from the freshly calcined silica-supported molybdenum oxide catalysts employing a grafting method by using vanadium oxytriethoxide (Sigma-Aldrich, >95%) dissolved in toluene as a vanadium precursor. The catalysts were denoted as mMo-nV, n represents the nominal V loading (wt %).
To estimate the required amount of vanadium precursor, the number of residual hydroxyl groups in the mMo catalysts was determined by a combination of thermal analysis and infrared spectroscopy. At first, the concentration of surface hydroxyl groups in pure SBA-15 was measured taking into account the mass loss in thermal analysis between 823 and 1473 K and assuming that one water molecule is formed by condensation of two hydroxyl groups. The concentration was used to calibrate the peak area of OH groups in the infrared spectrum of pure SBA-15 (integration range of 3680−3765 cm −1 ). Subsequently, the concentration of residual OH groups in the mMo catalysts was estimated using this calibration factor for analysis of the peak area of the silanol peak in the infrared spectra of the mMo catalysts after calcination at 823 K applying the same integration range. The method provides only a rough estimation influenced by possible hydrogen bonding between OH groups and supported metal oxide species.
In an attempt to achieve a complete Mo−V oxide monolayer, the amount of the vanadium oxytriethoxide precursor added was estimated based on half of the molar amount of residual hydroxyl groups present on the surface of the corresponding mMo catalyst assuming that one vanadium precursor molecule in solution reacts with two surface silanol groups. In total, four supported mixed oxide catalysts were prepared by varying the nominal molar Mo:V ratio from 1 in 4Mo-4V (internal ID 23246) to 2 in 6Mo-3V (internal ID 23247), 4 in 8Mo-2V (internal ID 23274), and 10 in 10Mo-1V (internal ID 23281). A reference catalyst that contains only supported vanadium oxide species 4V (internal ID 23087) was prepared according to the same grafting procedure using the calcined SBA-15 as support. Typically, 1.5 g of the corresponding mMo catalyst or pure SBA-15, respectively, were suspended in 150 mL toluene and boiled under reflux for 5 h under Ar flow to remove residual adsorbed water. Subsequently, the suspension was cooled to room temperature and an appropriate amount of vanadium oxytriethoxide (Sigma-Aldrich, > 95%) was added followed by refluxing for another 12 h under Ar flow (20 mL/min). Subsequently, the suspension was filtered and washed 2 times with 100 mL toluene to remove the residual vanadium oxytriethoxide. The solvent was evaporated at room temperature. Finally the sample was calcined in static air at 823 K for 12 h, applying a heating rate of 1 K/min.
Catalyst Characterization and Model Calculations. Specific surface area and porosity were analyzed by nitrogen adsorption performed at 77 K using the Autosorb-6B analyzer (Quantachrome) after outgassing the catalysts in vacuum (2 h at 473 K). All data treatments were performed using the Quantachrome Autosorb software package. The specific surface area A s (total surface area) was calculated according to the multipoint Brunauer−Emmett−Teller method (BET) in the p/p 0 = 0.05−0.15 pressure range assuming the N 2 cross sectional area of 16.2 Å 2 . The pore size distribution was determined by the NLDFT method using a model based on equilibrated adsorption of N 2 on silica under assumption of cylindrical pores. The micropore surface area was estimated using the t-plot method applying a statistical thickness in the range of t = 4.5−6.5 Å.
Thermogravimetry (TG) was used to determine the concentration of silanol groups on the surface of calcined SBA-15 applying a Netzsch STA449 Jupiter thermo analyzer. At first, the support was freshly calcined in air at 823 K. Then, the sample was transferred to the balance and heated to 823 K in Argon flow with a heating rate of 10 K min 
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Research Article concentration of residual surface hydroxyl groups after calcination at 823 K was calculated based on the mass loss between 823 and 1473 K assuming that one water molecule is formed by the condensation of two hydroxyl groups. The vanadium and molybdenum content was analyzed by Xray fluorescence (XRF) on a Bruker S4 Pioneer X-ray spectrometer. For sample preparation, the mixture of 0.05 g catalyst and 8.9 g lithium tetraborate (>99.995%, Aldrich) was fused into a disk using an automated fusion machine (Vulcan 2 MA, Fluxana).
FTIR spectra were collected at beam temperature on a Varian 670 spectrometer equipped with a liquid nitrogencooled MCT detector at a resolution of 4 cm −1 accumulating 512 scans. The catalysts were pressed into self-supported wafers (area weight approximately 10 mg/cm 2 ), heated under vacuum to 823 K with a heating rate of 10 K min −1 , and treated under these conditions for 30 min. After that, an equilibrium pressure of 200 mbar O 2 was introduced into the cell and the system was kept under this condition for 1 h. The spectra were recorded after cooling in oxygen to the beam temperature.
Absorption spectra in the UV/vis range were recorded at room temperature in diffuse reflectance using a Cary 5000 instrument (Agilent) equipped with an in situ cell (Harrick Praying MantisTM diffuse reflectance attachment DRP-P72 in combination with a HVC-VUV reaction chamber). The sample was calcined at 823 K in 20% O 2 in He flow (20 mL min −1 ). Dehydrated SBA-15 was used as a white standard. The maximum value of the Kubelka−Munk function F(R) was kept below 1 by diluting the sample with SBA-15.
Time-resolved in situ UV/vis spectra of undiluted, in situ calcined catalysts were recorded using the Cary 5000 instrument (Agilent) at 693 K and a total flow rate of 20 mL min 27,28 For the calculation of the initial reduction rate, a period of 180 s was analyzed by linear fitting starting 120 s after the onset of increasing ΔF(R). For the calculation of the initial oxidation rate, a period of 25 s was analyzed by linear fitting starting 5 s after the onset of decreasing of ΔF(R).
Raman spectra were recorded applying a 532 nm laser. A confocal microscope (S&I GmbH, Warstein, Germany) equipped with a liquid nitrogen-cooled CCD detector (PyLoN:2K from Princeton Instruments) was used. The beam was focused with a 10× objective (Olympus) applying a laser power of 0.5 mW and exposure times of 1800 s. Under these optimized measurement conditions, no beam damage was observed. Before measurement at room temperature, the catalysts were calcined in a CCR1000 reactor cell (Linkam Scientific, Tadworth, UK) at 823 K in 20% O 2 in He flow (20 mL min −1 ) to remove adsorbed water. Temperature-programmed reduction with hydrogen (H 2 -TPR) was performed with the freshly calcined catalysts using a tubular quartz reactor. After pretreatment at 823 K (heating rate 10 K min ) was recorded applying a TCD detector. The sample weight was varied to keep the total amount of molybdenum and vanadium in the reactor constant at about 50 μmol. The hydrogen consumption was calculated based on the integration between 600−1200 K and using CuO as standard.
EPR spectra were recorded on a Bruker EMXplus spectrometer equipped with a Bruker ER 4119 HS resonator and a Bruker EMXPremiumX microwave bridge. Samples were measured in Sigma-Aldrich Wilmad quartz (CFQ) EPR tubes (o.d. 4 mm) at 110 K using a microwave frequency of 9.44− 9.45 GHz (X-band) at a microwave power of 2 mW, a modulation frequency of 100 kHz, and a modulation amplitude of 0.5 mT. The spectra of catalysts in the hydrated state were collected without any pretreatment. Dehydrated catalysts were measured after pretreatment at 823 K in dynamic vacuum, addition of 200 mbar O 2 , and subsequent evacuation at 823 K. Reduction was performed by heating at 693 K in dynamic vacuum followed by addition of 100 mbar C 3 H 8 and subsequent evacuation at 693 K.
Oxidative dehydrogenation (ODH) of propane was measured at atmospheric pressure in a parallel reactor equipped with 8 fixed bed quartz reactors (6 mm inner diameter). The catalysts were pressed under ∼55 MPa, crushed and sieved to a particle size of 250−355 μm. The catalyst mass was 100 mg, and the total flow was varied between 10 and 20 mL min −1 resulting in W/F = 0.3−0.6 g s ml Model calculations were performed applying cluster models of supported Mo and Mo−V catalysts that have been generated in previous studies.
29 −31 Calculations were performed using Gaussian 09 packages. 32 The Becke threeparameter hybrid functional with Lee−Yang−Parr correlation functional (B3LYP) together with Grimme's dispersion correction were chosen for the calculations. 33 The LANL2DZ basis set associated with the pseudopotential 34−36 was adopted for Mo and V atoms, and the 6-311+G(d,p) basis set was adopted for the other atoms. Geometries were examined by frequency calculation to show no imaginary frequency. On the basis of the geometries obtained, the corresponding absorption spectra were calculated by time-dependent density functional theory (TD-DFT). 37 In total 100 excited states were solved in TD-DFT calculations. A Lorentzian broadening of 0.2 eV was used for all the calculated spectra. Raman spectra were also generated for the obtained geometries with a scaling factor of 0.934 38 and Lorentzian broadening (fwhm: 10 cm
). All images are generated from GaussView 6.
■ RESULTS AND DISCUSSION
Structure of the Supported Metal Oxide Species. Decoration of the SBA-15 surface by molybdenum−vanadium oxide monolayers has an impact on the porosity of the support. Decreasing micropore surface area with increasing metal oxide
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Research Article surface coverage (Table 1 ) reveals a certain preference of the metal oxides species to occupy the micropores of SBA-15.
The actual Mo loading analyzed by XRF exceeds the nominal loading, while the V loading is generally lower than expected except for the Mo-free reference catalyst 4V (Table  1) .
MoO x /SiO 2 . Ion exchange and grafting experiments were designed assuming that the silanol groups of the support react with the metal oxide precursor molecules. As the Mo loading increases, the density of residual hydroxyl groups decreases ( Table 1 ). The number of OH groups consumed by anchoring one Mo atom varies between 2.4 for 4Mo and 1.6 for 10Mo ( Figure S1 , panels a and b). The error in determining these numbers is rather big and includes integration errors and changes in the extinction coefficient of the silanol band due to interaction of Si−OH groups with neighboring molybdenum oxo species. 11 The general trend, however, may suggest that at lower Mo loadings some mono-oxo (Si−O−) 4 Mo(O) species are formed under involvement of silanol nests. At higher loadings, monografted (Si−O)Mo(O) 2 OH species that contain Mo−OH groups anchored on nonvicinal silanol groups might contribute ( Figure S1 , panels a and b). 39 Previous NMR investigations, however, provided no evidence for Mo−OH groups in dehydroxylated silica-supported molybdenum oxide catalysts prepared in the same way. 40 Taking into account these results, the formation of dioxo (Si− O−) 2 Mo(O) 2 species as predominant surface molybdenum oxide structures with an average OH/Mo stoichiometry of 2 is assumed for all loadings. 11, 29, 40 This is also in agreement with the Raman spectra ( Figure  1a ) that show only marginal contributions at wavenumbers >1010 cm −1 , where the MoO stretching vibration in monooxo (Si−O−) 4 Mo(O) species with molybdenum in tetragonal pyramidal coordination 39,41−46 and the corresponding breathing vibration of the MoO 5 moiety 45 are expected, in particular not for the lower loaded catalysts where the formation of such a species is more likely. A double peak structure is observed with a maximum at 974 cm −1 attributed to the asymmetric OMoO stretching vibration and the corresponding peak due to the symmetric OMoO stretching vibration of dioxo (Si−O−) 2 Mo(O) 2 species in the range of 988−998 cm The symmetric OMoO stretching vibration shifts from 988 to 998 cm −1 with increasing molybdenum oxide loading (Figure 1a) . 41−45 Furthermore, the intensity ratio of the peaks due to symmetric and asymmetric stretching vibrations varies. The shift of the symmetric stretching vibration and the varying intensity ratio might be explained by variations in the lateral interactions of the dioxo species with increasing loading. However, it is not easily understandable why no shift is Raman spectra in the entire range are shown in Figure S2 . UV/vis spectra were normalized to 5 eV, and UV/vis spectra without normalization are shown in Figure S3 .
Research Article observed for the asymmetric stretching vibration at 974 cm . 48 On the other hand, the peaks at 497 and 607 cm −1 could also be attributed to D1 and D2 defect modes of cyclic tetra-and trisiloxane rings, respectively, of the amorphous SBA-15, which is considered to be more likely as will be discussed for the V-containing catalysts below. 49 The UV/vis spectra (Figure 1b) are very similar in shape for all molybdenum oxide loadings, indicating that the coordination sphere of molybdenum does not significantly change in the series. The intensity of the overall spectrum increases with increasing Mo loading ( Figure S3a) .
In summary, the Raman and UV/vis spectra of the silicasupported molybdenum oxide catalysts are in agreement with the absence of oligomeric Mo oxide species. Dioxo (Si− O−) 2 Mo(O) 2 moieties are the predominant surface species. The conclusion is based not only on the Raman results but also on the comparison of the present catalyst series with previously investigated catalysts prepared by the same synthesis technique, which have been additionally characterized by EXAFS, NEXAFS, NMR, and DRIFTS. ) and higher (1070 cm ) stretching vibrations based on model calculations. 58 51 V MAS NMR studies of silica-supported vanadium oxide catalysts. 59 The OH/V ratio in such a model mixture corresponds to 1.4, which is slightly lower compared to the present experimental value of 1.8. Features in the out-of-phase V−O−V stretching vibrations (600−800 cm
) appear very weak ( Figure S2, panel b) , 51 which points to the low degree of oligomerization, but due to the weakness of the signals and the strong coupling, Raman spectroscopy alone is not the best method to determine the nature of vanadium oxide surface species.
Also the UV/vis spectrum of 4V is in agreement with a high dispersion of vanadium oxide on the surface of silica and the absence of segregated V 2 O 5 nanoparticles (Figure 1d, orange  spectrum) .
After introducing V to the Mocontaining catalysts under consumption of the residual OH groups, only 10Mo-1V exhibits a comparable average OH group consumption per V as 4V, while for the remaining three Mo−V catalysts (8Mo-2V, 6Mo-3V, 4Mo-4V) the OH/V value scatters between 0.8 and 1 ( Figure S1, panels c and d) . The Raman spectrum of 10Mo-1V clearly indicates formation of MoO 3 nanoparticles after grafting of vanadia (peak at 820 cm −1 in Figure 1c ). This is attributed to the stronger (Table S1 ) (molybdenum, cyan; vanadium, yellow; oxygen, red; silicon, gray; and hydrogen, light gray); comparison of experimental (black lines) and calculated (colored lines) UV/vis spectra of (b) 4Mo and (c) 4Mo-4V. All spectra are normalized at 4.51 eV (see also not normalized experimental spectra in Figure S3 ).
Research Article interaction between silica and vanadia compared to the interaction between molybdenum oxide and silica, which in turn apparently forces the dispersed molybdenum oxide to aggregate. The lower value of OH group consumption in 8Mo-2V, 6Mo-3V, and 4Mo-4V is in agreement with an OH deficit due to the preceding coverage of silica by Mo oxide species, which may also lead to the formation of V−O−Mo bonds without consumption of silanol groups. However, the formation of metal−oxygen−metal bonds is not supported by spectroscopy. Raman spectra in the range of M-O-M stretching and bending vibrations provide no clear evidence for the formation of mixed Mo−V oxide species on the SBA-15 support ( Figure S2b ), which is different from results obtained with alumina-supported Mo−V oxides. 22, 60 A band at 771 cm −1 has been assigned to V−O−Mo stretches in aluminasupported MoV oxide. 22 Only very weak bands again at the same wavenumbers of 497 and 607 cm −1 identical to mMo catalysts ( Figure S2 , panels a and b) are observed in this range that are most likely originated by defect modes of silica as discussed above for mMo. Moreover, the features do not specifically differ from the spectrum of 4V and become even weaker in the Mo−V catalysts, suggesting that molybdenum oxide species might break V−O−V bonds of vanadium oxide oligomers and lead to the stabilization of single-site (isolated) vanadyl species.
To further analyze any potential vanadia-molybdena interaction in the monolayer, Raman and UV/vis spectra were simulated performing DFT calculations on cluster models that distinguish four simple boundary cases (Figures 2a and  S4 Figure 2a shows the optimized structures of the generated surface models. The coordinates of the energetically optimized models are given in Table S1 . Supported Mo oxide catalysts are represented by one tetrahedral dioxo (Si−O) 2 Mo(O) 2 unit (denoted as model S1). Two simplified options have been considered for the Mo−V catalysts (denoted as models S2 and S3, respectively). Model S2 depicts no direct interaction between surface molybdenum and vanadium oxide species because it contains separated Mo dioxo (Si−O) 2 Mo(O) 2 and (Si− O) 2 (VO)OH units anchored on one silsesquioxane cluster, while model S3 simulates the formation of a Mo− OV bond. In model S2, a V−OH structure was adopted to balance the cluster. As can be seen in Figures S4 and S5 , the V−OH structure does not significantly affect the assignment of the Raman and UV/vis spectra, respectively. The supported vanadium oxide catalyst 4V is represented by the vanadium dimer (Si−O) 2 (VO)O(VO)(Si−O) 2 (termed as model S4) to simulate V−O−V bridge formation in a cluster of nucleatity two.
The calculated Raman spectrum of the dimeric vanadium oxide cluster (Figures S4, panels a and e) agrees very well with the experimental spectrum (Figures 1c and S2b) . The calculated peak maximum is located at 1042 cm −1 (exptl: 1042 cm ) and a tail at higher energy at 1074 cm −1 (exptl: 1070 cm
−1
). The calculated modes are in agreement with our previous computational study in which a greater variety of models was included. 58 The formation of Mo−O−V bonds is also not supported by the Raman spectrum of a mixed Mo−V oxide cluster anchored on silica (model S3). The corresponding calculated Mo−O−V stretching mode occurs at 813 cm −1 ( Figure S4d) . No peak is observed in the experimental spectra in that range (Figures 1c  and S2b) . Interestingly, a similar shift of the peak at 989 cm −1 to 998 cm −1 , which has been attributed to the symmetric OMoO stretching vibration of dioxo (Si−O−) 2 Mo(O) 2 species in the pure molybdenum oxide catalysts, is also observed in the experimentally determined spectra of the mixed Mo−V oxide catalysts with increasing molybdenum oxide loading (Figures  1c and S2b) . The shift can be explained by referring to the Raman spectrum of model S2. The positions of the calculated asymmetric and symmetric stretching modes of the OMo O moiety in model S1 (at 932 and 980 cm −1 , respectively) ( Figure S4b) do not move by adding the vanadium oxide species in model S2 ( Figure S4c ). However, in the case of model S2, an additional vibrational mode at 1007 cm −1 appears ( Figure S4c) , which is assigned to a coupling of the symmetric stretching OMoO mode with the symmetric stretching modes of Mo−(O−Si) 2 and V−(O−Si) 2 (vibrational modes illustrated in Vibrational modes of model S2 at 1007 cm −1 in the Supporting Information). Considering insufficient resolution and broadening of the peaks in the experiment, the appearance of the new peak may cause the shift of the band at 989 cm −1 to higher wavenumbers with increasing metal oxide loading. The observed shifts, in both the mMo as well as the mMo-nV series, may reflect the vibrational coupling of neighboring isolated metal oxide surface species via the support.
As discussed above, the UV/vis spectra of the dehydrated mMo catalysts show increasing absorption in the high-energy region with increasing Mo loading (see Figure S3a for the not normalized spectra) but only very small changes in the shape (Figure 1b) indicating only small differences in the local coordination of the Mo and O atoms within the series of catalysts, again in agreement with previous studies.
11 ,29 The edge of the 4Mo-4V spectrum is only slightly blue-shifted compared to the spectrum of the Mo-free 4V catalyst ( Figure  1d ), which is in accordance with the very similar apparent surface density of V atoms on the two catalysts of 0.7−0.8 V/ nm 2 ( Table 1 ). The similarity of the two spectra suggests similar speciation of the vanadium oxide species in the 4V and 4Mo-4V. 31, 58 However, the optical edge shifts significantly to higher energy with increasing dilution of V x O y with MoO x although the apparent surface density of vanadium does not decrease very much (Table 1 ). The spectra of 10Mo-1V, 8Mo-2V, and 6Mo-3V (V/nm 2 ≈ 0.5) resemble very much the spectra of the corresponding V-free Mo catalysts (Figures 1,  panels b and d, and S3, panels a and b) . The blue shift might be caused by disruption of V−O−V bonds at higher Mo dilution. It should be noted that optical edge energies similar to 4V and no shifts were observed for pure vanadia catalysts supported on SBA-15 prepared in the same way in the range of vanadium-atom-surface-densities between 0.6 and 1.4 V/ nm 2 . 61 Combined Raman-UV/vis-XAS-DFT analysis demonstrated the presence of a mixture of mono-, di, tri-, and tetramers in such a case. 58 The calculated UV/vis spectrum of supported Mo oxide species in absence of vanadium oxide species (model S1) reproduces roughly the experimental spectrum of 4Mo with respect to band positions (Figure 2b) , justifying the selected model. The calculated spectrum of two independent surface molybdenum and vanadium oxide species (model S2) predicts intense absorption at 4.9 and 6 eV ( Figure 2c ) mainly related to ligand-to-metal charge transfer involving Mo(O) 2 and
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Research Article VO moieties, respectively, ( Figure S5a ) which is not obvious from the experimental spectrum of 4Mo-4V (black line in Figure 2c ) that contains Mo and V approximately in a ratio of the one in the models. Concerning the absorption at 6 eV, it should be noted, however, that the reliability of the UV/ vis measurements at energies higher than 5 eV is limited due to the optical properties of the diffuse reflectance accessory. 62 The spectrum of model S3 that contains a Mo−O−V bond exhibits an absorption band at 5.3 eV related to the Mo−O V moiety ( Figure S5b) , which is again missing in the experimental spectrum of 4Mo-4V. The finding confirms the lacking evidence for Mo−O−V bonds by Raman spectroscopy. The vanadium-only structure (model S4) clearly shows a shift of the edge position to lower energy compared to the simulated spectrum of model S2 that contains a single vandyl site, which matches the experimental spectrum of 4Mo-4V (inset in Figure 2c ), indicating the presence of V−OV moieties in both 4V and 4Mo-4V catalysts. 63, 64 The calculation result is also in agreement with previous studies where a red shift of the absorption spectra has been predicted with an increasing degree of oligomerization and in particular upon the presence of V−OH terminations. 31 In summary, the UV/vis spectra of 4V and 4Mo-4V suggest similarities in the coordination of vanadium oxide species in the two catalysts and the presence of V−O−V bonds. TD-DFT calculations do not support the formation of Mo−O−V moieties in the 4Mo-4V catalyst in agreement with Raman spectroscopy. The progressive dilution of vanadium oxide species with molybdenum oxide in 6Mo-3V, 8Mo-2V, and 10Mo-1V appears to disrupt vanadium oxide ensembles, and the formation of vanadyl single-sites is reflected in a blue-shift of the absorption edge (Figure 1d and Figure 2c) .
Oxidation of Propane. All catalysts have been studied in the oxidative dehydrogenation of propane (ODP). Propane and oxygen consumption as a function of temperature are shown in Figure S6 . Oxygen conversion does not exceed 80% at the highest reaction temperature and W/F = 0.6 g s mL −1 for the most active catalyst 4V. The rate of propane consumption normalized to the V content as a function of the apparent V surface density is presented in Figure 3a .
Molybdenum oxide supported on silica shows very low catalytic activity at the applied reaction temperatures. 29 The catalysts are therefore not included in Figure 3a . In previous studies a synergistic effect between molybdenum and vanadium oxide has been observed. 15, 19, 20, 22, 60, 65 In contrast, in the present work the Mo-free 4V reference catalyst exhibits the highest activity (Figure 3a) . The normalized rate (apparent TOF) is comparable to results reported for silica-supported vanadium oxide before. 66 The addition of molybdenum oxide appears to retard the reaction, which is also reflected in an increase in the apparent activation energy compared to 4V (Figure 3a and S7) . At comparable conversion, the selectivity to propylene decreases with increasing Mo content ( Figure S8 , panels a−c). This occurs particularly because acrolein, which is detected as an additional reaction product of partial oxidation (Figures 3b and S8 , panels d−f), is increasingly formed with increasing Mo loading. The selectivity toward carbon dioxide is similar at comparable conversion among all Mo−V catalysts ( Figure S8, panels g−i) , while the selectivity to carbon monoxide increases with increasing Mo content ( Figure S8 , panels j−l). This suggests that CO is at least in part a product of consecutive decarbonylation of acrolein. 10 The pure vanadium oxide catalyst shows an intermediate selectivity to acrolein. Acrolein is also formed in absence of vanadium over 10Mo, but the selectivity seems to level off at the maximum conversion of about 2%, whereas the selectivity increases further over 10Mo-1V, reaching a maximum of about 10% at 5% conversion (Figure 3b ). Acrolein formation is therefore mainly attributed to V-containing surface species. Oxygen activation on isolated surface vanadyl sites under formation of peroxovanate species has been proposed to be responsible for acrolein formation by theory. 67 Peroxovanadate species are supposed to oxidize propylene in a consecutive reaction to propylene oxide, which is further converted into acrolein and acetone. The higher abundance of electrophilic oxygen species under steady state conditions due to limited redox properties of a monolayer vanadium oxide catalyst has been postulated to be responsible for extensive undesired total combustion to CO and CO 2 via acrolein as an intermediate. 4, 10, 68 The stabilization of single vanadyl sites by dilution with molybdenum oxide is apparently reflected in increasing acrolein selectivity with decreasing V-content in the mixed metal oxide catalysts. The similar acrolein selectivity over the V-free molybdenum oxide catalysts might suggest that also over supported molybdenum oxide catalysts acrolein is formed on the present isolated dioxo (Si−O−) 2 Mo(O) 2 species, albeit with lower rates.
In summary, the rate of propane oxidation normalized to the V content (apparent TOF) decreases upon dilution of 
Research Article supported vanadium oxide with molybdenum oxide species. In accordance with Raman and UV/vis spectroscopy, this is attributed to the breaking of M−O−M bonds. The finding is in accordance with the observation that the specific rate of propane oxidation over supported vanadium oxide catalysts increases with increasing loading, i.e., supposedly due to an increased degree of oligomerization. 69, 70 We postulate that acrolein formation by consecutive oxidation of propylene over mixed Mo−V oxide catalysts is not related to the presence of molybdenum oxide in the catalysts but to the presence of isolated single-site metal oxide species, either MoO x (low activity) or VO x (high activity), with limited capability to reduce oxygen fast to nucleophilic O 2− . Redox Properties. The redox properties of the catalysts have been studied by temperature-programmed reduction with hydrogen (H 2 -TPR), time-resolved diffuse reflectance UV/vis spectroscopy, and EPR. The temperature profiles of hydrogen consumption reveal a slight shift of the maximum to higher reduction temperatures for the mixed metal oxide catalysts compared to 4V and 10Mo ( Figure S9 ) in agreement with observations previously reported for related catalysts. 21, 71 Hydrogen consumption (Table S2) indicates formation of V 4+ and V 3+ in 4V and Mo 3+ in 10Mo, respectively. Expected hydrogen consumption in the entire temperature range (up to 1250 K) of the H 2 -TPR experiment for the mixed metal oxide catalysts calculated based on the metal content and normalized to the hydrogen consumption in 4V on the one side and 10Mo on the other side is plotted in Figure S10 (dotted line) versus the measured hydrogen consumption (data points). Only 10Mo-1V shows a higher average degree of reduction, which is in agreement with the presence of segregated nanocrystalline MoO 3 in this catalyst as observed by Raman spectroscopy (Figure 1c ). All other catalysts exhibit a slightly lower degree of reduction than expected, which indicates that higher oxidation states are stabilized in the mixed metal oxides during reduction with hydrogen.
More insight is provided by an investigation of the overall redox dynamics applying time-resolved in situ UV/vis spectroscopy in oxygen and propane according to a methodology described in the literature. 27, 72, 73 The Kubelka−Munk function recorded at 700 nm (1.77 eV) during switching the gas feed from O 2 /He to C 3 H 8 /He at 693 K increases with time, which becomes apparent by plotting the change of F(R) with respect to the initial value after in situ calcination of the catalyst ΔF(R) as a function of time ( Figure S11 ). An increase of F(R) indicates that the catalysts are being reduced under the assumption that the scattering coefficient S remains constant and mass transport limitations are not significant. These two assumptions are most likely justified in case of monolayer catalysts. Since under propane oxidation condition the catalyst will not possess a high reduction degree due to the presence of oxygen, the initial reduction rate in C 3 H 8 is applied as an indicator of the redox properties. Assuming apparent zero reaction order, the rate of reduction k red was estimated directly from the slope determined in the range of the dotted lines in Figure S11 .
The reduction rate is the lowest for 10Mo and the highest for 4V but for the mixed metal oxide catalysts 10Mo-1V, 8Mo-2V, and 6Mo-3V independent of the V content (Figure 4) . The constant reduction rate indicates that the nature of the reducible metal oxide species does not change among these three catalysts. This observation is in agreement with the similarity of the UV/vis spectra that suggest the predominant presence of isolated monomeric vanadium and molybdenum oxide species (single sites). The V and Mo single sites present in these three catalysts are apparently not affected with respect to reducibility due to the largely absence of mutual interaction. In contrast, more M−O−M bonds are present in 4Mo-4V and 4V. Moreover, the UV/vis spectra of both, 4Mo-4V and 4V, definitely reveal a similar degree of oligomerization of the vanadium oxide species in these two catalysts, which is reflected in an improved reducibility underlining the limited performance of single sites in facilitating redox reactions. Indeed, the overall rate of reduction decreases with increasing energy of the optical edge (Figures 5a and S12) .
Moreover, the rate of propane consumption correlates linearly with the rate of reduction normalized to the total metal content (Figure 5b ) establishing a link between redox properties and catalytic activity.
After reduction, the reoxidation has been studied by switching the feed to a mixture of oxygen and helium (O 2 / He = 20/80) at 693 K. As shown in Figure S13 , the initial reoxidation rates for the Mo−V catalysts are lower compared to 4V. But in general, the rate constants of reoxidation are by 1 order of magnitude higher compared to the rate constants of reduction revealing fast reoxidation as frequently observed over vanadium oxide-based catalysts.
The EPR spectra of 4V and 4Mo-4V are presented in Figure  S14 . In the hydrated catalysts, V 4+ is detected in both 4V and 4Mo-4V as shown by the characteristic hyperfine structure due to the coupling of an unpaired electron to 51 V with a nuclear spin of 7/2. A fit of the spectra with the EasySpin program 74 yielded the g values of g 11 Figure  S14 ). The g value of the remaining signal is ∼1.96, which might be caused by interacting V 4+ species. 76 The hyperfine structure of V 4+ becomes visible again upon treating the samples in 100 mbar propane, yet the signal intensity is lower than in the hydrated catalysts.
In summary, H 2 -TPR, EPR, and UV/vis spectroscopy experiments demonstrate that the addition of molybdenum oxide decreases the overall rate of reduction of oxidized MO x species (M = V,Mo) in silica-supported mixed Mo−V oxide 
Research Article catalysts compared to vanadium oxide supported on silica, and it decreases also the rate of reoxidation of the corresponding reduced species by oxygen. Furthermore, the linear relationship in Figure 5b reveals that the overall propane consumption rate in the oxidative dehydrogenation of propane is higher for the catalysts that exhibit higher k Mo−V . Catalyst 4V shows the highest and 10Mo the lowest rates in reduction with propane and oxidative dehydrogenation of propane, respectively. Generally, the mixed metal oxide catalysts exhibit lower rate constants of reduction compared to the vanadia catalyst due to the presence of isolated single-site metal oxide species.
■ CONCLUSIONS
In this work, the interaction between molybdenum and vanadium oxide species on the surface of mesostructured silica SBA-15 has been studied by synthesis of a series of nearmonolayer catalysts that contain Mo and V in a variable ratio between 10 and 1. Spectroscopic analysis by Raman and UV/ vis spectroscopy in combination with DFT calculations provide no clear evidence of the formation of Mo−O−V bonds in the mixed metal oxide catalysts, which is in contrast to previous studies of mixed Mo−V oxide catalysts supported on other supports.
In the pure silica-supported vanadium oxide catalyst and in the mixed catalyst with the highest vanadium content, oligomeric vanadium oxide species exhibiting a nuclearity of 2−4 occur, while the pure molybdenum oxide catalysts predominantly contain isolated dioxo (Si−O−) 2 These single metal oxide sites exhibit no mutual interaction, which is manifested in an almost constant rate of reduction irrespective of the Mo/V ratio. The rate of reduction for the single-site catalysts is much lower compared to reduction rate of catalysts that contain oligomeric vanadium oxide species. The rate of reduction in propane correlates with the rate of propane oxidation. The result indicates that oligomeric species in a monolayer facilitate both, C−H activation and the oxidation of alkanes most likely due to improved oxygen activation.
The retarded redox properties of isolated Mo or V oxide species in single-site catalysts promote a higher abundance of electrophilic oxygen species under steady state conditions, which is reflected in an improved selectivity toward acrolein. The finding is in agreement with site-isolation concepts postulated for complex metal oxides where a structural and surface analysis is much more complicated. 77 The present model system may be used to perform more experiments in the future to resolve apparent contradictions concerning the reactivity of single sites versus larger metal oxide clusters in other oxidation reactions. 3 The current example shows that the catalytic properties as consequence of the local electronic structure are by no means proportional to the loading or the dilution factor. Therefore, it is not possible to simply vary the catalytic properties of such supported systems by varying their composition, which might be the reason for contradicting results in standard experimentation. The results are governed by oxide−oxide interactions including the support with implications on catalyst optimization strategies based on big data and machine learning. Apparently, nonlinear effects are critical in catalyst tuning that can, however, be well seen from the redox properties determined through operando experimentation.
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